Background-Type 2 diabetes mellitus is an independent risk factor for heart failure development, but the relationship between incident heart failure and antecedent glycemia has not been evaluated.
T ype 2 diabetes mellitus (T2DM) is a recognised risk factor for heart failure (HF) development, independent of coronary artery disease (CAD) and hypertension. 1 HF development is associated with high mortality, making prevention of HF in T2DM a research and clinical priority. 2 
Clinical Perspective on p 242
Glycemic control may influence HF development. Hyperglycemia can exert detrimental effects on the myocardium 3 and has been shown to upregulate the renin-angiotensin-aldosterone system, increase oxidative stress, 4,5 promote accumulation of advanced glycation end-products, and cause interstitial fibrosis. 6, 7 Hyperglycemia has also been associated with myocardial lipotoxicity, mitochondrial dysfunction, abnormal substrate metabolism and impaired calcium handling. 8, 9 Epidemiological evidence indicated glycosylated hemoglobin (HbA1c), and the risk of HF are related. [10] [11] [12] [13] A cohort study of ≈50 000 patients with T2DM showed each 1% increase in HbA1c was associated with an 8% increased risk of HF. 10 However, large randomized controlled trials, investigating intensive versus standard glycemic control and vascular outcomes, did not show any benefit of intensive glycemic control, 14, 15 and one study found intensive control promoted increased mortality. 16 These studies were not specific to HF and were underpowered to draw conclusions regarding intensive glycemic control and HF development. Meta-analysis of these randomized controlled trials has not shown any reduction in HF risk associated with intensive glycemic control. 17 In view of these findings, we investigated four principal questions. First, was time-updated HbA1c, a longitudinal measure of glycemic control, associated with HF development in a population with T2DM in Tayside, Scotland? Second, how was HbA1c variability related to HF development because HbA1c variability has previously been linked to incident cardiovascular events? 18 Third, because glycemic control has been associated with CAD and CAD is an accepted risk factor for HF development, 19 was this association dependent on the existence of CAD? Finally, what attributable risk did specific HbA1c ranges convey and what range defined optimum control?
Methods
We exploited the established regional clinical informatics systems developed by the University of Dundee and NHS Tayside. These systems make use of a unique health record identifier-the Community Health Index (CHI) number to deterministically link clinical data sets through robust anonymization protocols within the Health Informatics Center (HIC) at an individual level with high accuracy.
The clinical data sets include the following:
(1) Go-DARTS database The Diabetes Audit and Research in Tayside Study (DARTS) is a well-validated, region-wide clinical information system containing data on effectively all patients with diabetes mellitus in the region. 20 The DARTS clinical systems facilitated the creation of the Genetics of Diabetes Audit and Research Tayside Scotland (Go-DARTS) database. Population-based recruitment to Go-DARTS, using the data within DARTS, allowed essentially all patients with T2DM in the region to be recruited from 1998, reducing selection bias. All Go-DARTS participants provided written consent for their data to be linked anonymously for research purposes. Many of these individuals were recruited under the auspices of the Wellcome Trust UK Type 2 Diabetes Case Control Consortium.
We studied 8683 individuals with T2DM recruited to Go-DARTS between December 1998 and May 2009, observing them from recruitment to the end of the study period, August 2011. The Go-DARTS population was described in previous studies. [20] [21] [22] Collection and analysis of data in DARTS and Go-DARTS was approved by the East of Scotland Research and Ethics Committee.
(2) The Tayside echocardiography database The Tayside echocardiography database, maintained by the Department of Cardiology, contains data from all clinically requested echocardiograms performed in Ninewells Hospital, Dundee, from September 1993. All echocardiograms were reported by British Society of Echocardiography accredited echocardiographers. This database was linked to the Go-DARTS data to identify echocardiographically defined cases of left ventricular systolic dysfunction. The echocardiography database was previously used to identify structural heart disease for research. [23] [24] [25] [26] (3) Other HIC data sets Other data sets used included the dispensed prescribing data set, containing information of drug prescriptions dispensed for all individuals in Tayside over the past 20 years. Hospital discharge data comprised the Scottish Morbidity Record (SMR01) containing ICD 9 and 10 classification codes, mortality data from the General Registrar's Office, and data containing information on biochemical test results, including HbA1c measurements.
Study Design
To investigate how HbA1c levels predicted incident HF, we performed a retrospective cohort study between December 1998 and August 2011 to ascertain the size of risk of specific levels of HbA1c with respect to the rate of HF development in T2DM, taking into account all risk factors associated with HF.
HF Definition
Incident HF was defined as the first inpatient or outpatient diagnosis of HF according to a previously validated method. 23, [26] [27] [28] All individuals with T2DM and a hospital admission with HF according to ICD codes (ICD 9: 428, ICD10: I50) or an echocardiogram with evidence of left ventricular systolic dysfunction and a prescription for a loop-diuretic (British National Formulary code 2.2.2) were regarded as HF cases. A previous case validation exercise found 91% concordance between a clinical diagnosis of HF from case note review and definition of HF based on an echocardiographic evidence of left ventricular systolic dysfunction requiring prescription of loop diuretics. 23, 27, 28 Only incident HF cases were included in the analysis. Individuals who had not been admitted to hospital with HF, had an echocardiogram showing left ventricular systolic dysfunction, nor received a prescription for a loop diuretic were classed as non-HF cases in subsequent analysis.
Time-Updated Analysis With Longitudinal HbA1c
HbA1c was modeled as a time-dependent variable where the followup time was split each time the Hba1c category changed. Thus, if subject 1 was in category 6% to 7% HbA1c, the subject would have added person years to the 6% to 7% HbA1c group. If the subject switched to 7% to 8%, the subject would then have also added patient-years to that HbA1c category.
Calculation of HbA1c Variability
To investigate the effects of intraindividual variations of HbA1c on incident HF, we calculated intraindividual mean (HbA1c-MEAN) and standard deviation (HbA1c-SD), respectively. HbA1c values obtained preceding recruitment at the enrolment and until the last recorded value of HbA1c were used. The interindividual difference in the number of HbA1c assessments was adjusted according to the formula: adj-HbA1c-SD=SD/√[n/(n−1)] as previously described. 29
Statistical Analysis
The chi-squared test of association was used to identify discrete variables, and Student's t test was used to identify continuous variables associated with HF. Variables showing significant association with HF development were used to model HF by proportional hazard regression.
Covariates
All factors associated with HF contributed to the model, including age, sex, diabetes mellitus duration, number of HbA1c measures, systolic blood pressure, diastolic blood pressure, history of CAD, body mass index, antihyperglycemic medications, and creatinine. Creatinine was categorized in 10 μmol/L increments because of the broad range of values. Age was divided by 10 because of the broad range of values. Values for body mass index, systolic blood pressure, diastolic blood pressure, creatinine, age, and diabetes mellitus duration were taken at baseline.
Diagnosis of CAD was based on hospital admission with corresponding discharge code (ICD 9: 410, 411, 412, 413 or 414 and ICD10: I20, I21, I22, I23, I24 or I25). Existence of CAD was modeled in a time-dependent manner.
Prescriptions for antihyperglycemic medications at study enrolment were analyzed using British National Formulary codes 6.1.2.1 for sulphonylureas, 6.1.2.2 for metformin, 6.1.1.2 for insulin and the approved names pioglitazone and rosiglitazone for thiazolidinediones (TZDs). All participants were assigned to 1 of 5 treatment categories. All participants taking insulin at enrolment were placed in the 'insulin' group. Patients taking sulphonylureas at enrolment, who were not taking insulin, were placed in the suphonylureas group. Patients receiving TZDs at enrolment, but not taking insulin or sulphonylureas, were placed in the TZDs group. Individuals prescribed metformin only were assigned to the metformin group and those who were not receiving antihyperglycemic agents at enrolment were placed in the diet group.
Treatment category at enrolment was included in the proportional hazard regression model with those receiving diet control as the reference group. In this analysis, time-updated HbA1C was divided into only 3 categories: <6.5, 6.5 to 9, and >9%; for simplicity, 6.5% to 9% was used as the reference category.
Statistical analyses were performed using SAS 9.2 for Windows and the R software. 30 
Results
Out of 8683 individuals, a total of 701 (8%) developed HF during the follow up period (mean 5.5 years, standard deviation 2.8 years; Figure 1 ). These comprised 196 cases of HF based on echocardiography data and 505 based on hospital admission with HF.
Clinical Features Associated With HF
Variations in baseline clinical characteristics with HbA1c are shown in Table 1 . Simple tests of association showed associations between HF development and number of HbA1c measures, age, sex, diabetes mellitus duration, CAD, systolic blood pressure, diastolic blood pressure, body mass index, creatinine, and HbA1c levels (P<0.01 for all above variables except sex, P=0.02).
Time-Updated Analysis With Longitudinal HbA1c
Time-varying HbA1c analysis ( Figure 2 and Table 2 ) showed an increased risk of HF for HbA1c categories <6%, 7% to 8%, 8% to 9%, and >9% compared with the reference category of 6% to 7%. Risk was significantly increased in the categories <6% (hazard ratio [HR] =1.60, 95% confidence interval [CI], 1.38-1.80; P value =<0.0001) and >10% groups (HR=1.80, 95% CI, 1.60-2.16; P value <0.0001). This relationship persisted when baseline antihyperglycemic medications were accounted for (<6.5% HR =1.48, 95% CI, 1.23-1.80; P value <0.0001; >9% HR =1.31, 95% CI, 1.06-1.61; P value =0.01; Table 3 ). Use of insulin and sulphonylureas at baseline were also associated with increased risk of HF development in this cohort.
HbA1c Variability and Incident HF
Intra-individual mean (HbA1c-MEAN) and its adjusted standard deviation (HbA1c-SD) were included in the proportional hazard model as above. HbA1c variability (HbA1c-SD) was independently and significantly associated with incident HF (HR=0.80, 95% CI, 0.74-0.85; P value <0.0001), with less variability in HbA1c having a protective effect on incident HF.
Assumptions of Proportional Hazard Models
The assumption of proportional hazard with time-dependent covariates were tested by creating interactions of the predictors as a function of survival time and including these values in the model using the function Proportionality test in Proc Phreg in SAS 9.2. Test of proportional hazards did not yield significant P values for any of the covariates in the model or globally, suggesting that the proportional hazard assumptions hold true.
Discussion

U-Shaped Relationship Between HbA1c and HF Development
Our study generated 3 main findings; first, HbA1c >10% was associated with HF development in a progressive nonlinear relationship even when CAD was accounted for. Second, HbA1c <6% was also associated with an increased HF risk. These findings suggest both high and low HbA1c predicted HF development in our cohort, forming the U-shaped relationship, shown in Figure 2 . Third, intraindividual variability in HbA1c was an independent risk factor for development of HF.
Currie et al 31 previously reported a U-shaped relationship between mean HbA1c and all-cause mortality and cardiac events in a retrospective study of patients with T2DM using the UK General Practice Research Database. 32 They showed HbA1c around 7.5% was associated with the lowest all-cause mortality and lowest progression to large vessel disease events (myocardial infarction, stroke, coronary revascularization, or angina), although they did not look at HF development. Our study extends these findings, showing that the U-shaped relationship between mean HbA1c and cardiovascular risk applies to HF development.
Eight percent of our cohort of patients with T2DM developed HF over 5.5 years, which compares well with previous studies. 11 This is 53× higher than Scotland's general population (≈0.15%). Echocardiographic and hospital admission data were used in our study, whereas hospital admission data alone generated the Scotland-wide figure quoted. 33 We identified several risk factors for HF development in T2DM, including increasing age, body mass index, systolic blood pressure, and creatinine at baseline and a history of CAD. These findings are consistent with previous work. 12 Early observational studies showed raised HbA1c was associated with increased risk of HF development, where HF was identified through hospital admission data, regardless of CAD status. 10, 13 These studies used a single measure of HbA1c, although calculation of the mean of serial HbA1c measures has been shown to better predict diabetic complications. 34 Lind and colleagues used the Swedish National Diabetes Registry to explore the relationship between mean HbA1c and the risk of HF and reported that individuals with mean HbA1c >7% were at increased risk of developing HF. They reported no further reduction in risk in patients with HbA1c <6% (42 mmol/mol) compared with those with HbA1c 6% to 7%. However, they demonstrated an increased risk of HF hospitalization in patients with mean HbA1c <6% compared with mean HbA1c 6% to 7% in their model accounting for the greatest number of confounding factors. 11 These findings support a U-shaped relationship between HbA1c level and incident HF risk, in-keeping with the UK General Practice Research Database study. 31 This fits with data on mortality and vascular events from recent trials investigating intensive versus standard glycemic control and vascular outcomes. [14] [15] [16] The relationship between HF development and HbA1c was not explained by an association between CAD and HbA1c, and HbA1c still predicts HF development independently of CAD. This is consistent with the findings described above. 13 
Why Was HbA1c <6% Associated With HF Development?
The U-shaped relationship between HbA1c and the risk of developing HF merits discussion. Multiple factors may promote HF development in patients with HbA1c <6%. Adverse off-target drug effects from antihyperglycemic medications may account for some of the incident HF cases in the group of individuals with HbA1c <6%.
Insulin and TZDs have been associated with HF development. 35, 36 Only 0.9% of individuals with HbA1c <6% were taking TZDs, so we were unable to assess whether their use was associated with increased risk of HF development in this group. Although sulphonylurea use was associated with HF development in our study, previous studies have provided conflicting evidence regarding the risk of HF development with sulphonylurea use. An early study using the General Practice Research Database on 25 690 diabetics showed that the incidence of HF did not differ across oral antidiabetic drug classes. 37 However, more recent analyses of observational data have shown an increased risk of HF with sulphonylurea use.
McAlister and colleagues reported that users of high-dose sulphonylureas were more likely to develop incident HF than users of high-dose metformin monotherapy (HR 1.38, 95% CI, 1.20-1.60). 38 A more recent analysis of the UK General Practice Research Database database of 91 521 patients with diabetes mellitus showed second-generation sulphonylureas were associated with an 18% higher risk of developing HF (HR 1.18, 95% CI, 1.04-1.34; P value 39).
It is impossible to draw firm conclusions regarding the role of antihyperglycemic agents from this observational study. A randomized control trial would be required to resolve this issue, which may not be ethically feasible given the data from preceding randomized controlled trials. [14] [15] [16] Hypoglycemic events may also partially explain the U-shaped relationship because hypoglycemia is an independent cardiovascular risk factor. 40 We were unable to analyze the influence of hypoglycemic events from our data, and so discussion regarding their importance is speculative.
Previous reports had linked HbA1c variability to the risk of microvascular complications of both type 1 39, 40 and type 2 diabetes mellitus. 41 Retrospective analyses of the Diabetes Control and Complications Trial (DCCT) 41, 42 showed variation in HbA1c was an independent risk factor for the development of both diabetic retinopathy and nephropathy in individuals with type 1 diabetes mellitus. In the FinnDiane study, HbA1c variability also predicted incident cardiovascular events, 18 although the link with cardiovascular events was not a consistent finding.
We looked at the relationship between intraindividual HbA1c variability and incident HF and showed that lower variability in HbA1c had was relatively protective against incident HF. The physiological mechanisms through which HbA1c variability contributes to HF development are not known. However, increased glucose variability has been reported to have promoted cell apoptosis and oxidative stress. [43] [44] [45] Both these processes can contribute to the pathogenesis of HF. 46 The suggestion that HbA1c variability enhances cell apoptosis and oxidative stress in patients with diabetes mellitus remains speculative and cannot be concluded from this study.
Study Limitations
Our study reflects a true population and a real-world scenario. We recognize the inherent limitations that come with a retrospective, nonrandomized observational study. A potential limitation of our study was that we did not model use of antihyperglycemic medication time-dependently and so cannot determine whether the association between antihyperglycemic medications and HF development depended on medication category, medication-dose, or the duration of drug exposure. However, in this observational cohort, modeling the effect of antihyperglycemic treatment category, as well as the inclusion of other cardiovascular protective medication, would have been prohibitively complex, both to analyze and interpret.
Another limitation of our study was that we were unable to take into account hospitalizations occurring outside of Scotland or account for other potential confounding factors, such as atrial fibrillation, smoking status, lipids, and QT interval.
However, our study had multiple strengths. The primary strength of our analysis, relative to the observational studies described earlier, lies in the use of echocardiographic data to identify individuals with incident HF.
Conclusion
Both high and low HbA1c were associated with increased risk of HF development in T2DM, forming a U-shaped relationship. The association between HbA1c and HF development does not depend on the association between HbA1c and CAD. Sulphonylurea drugs and insulin also seem to be associated with HF development when compared with diet control.
